Recothrom was observed with both anti-bovine crude thrombin IgGs and thrombin 4B IgGs. However, antibovine thrombin 4A IgGs showed apparent crossreactivity with human a-thrombin and Recothrom in a protein amount-dependent manner. Furthermore, the results revealed that the cross-reactivity of anti-bovine thrombin 4A IgGs with human a-thrombin and Recothrom was immunization time-dependent. The minimum concentration of 4A IgG required to exhibit crossreactivity with human a-thrombin and Recothrom varied considerably among individual rabbits. These results indicate that rabbit anti-bovine thrombin IgGs can cross-react with human a-thrombin and Recothrom, suggesting that human antibodies against bovine thrombin may also cross-react with human recombinant thrombin. Thus, the patients who were previously exposed to bovine thrombin may also develop antibodies which can crossreact with human recombinant thrombin.
It has been reported that patients exposed to topical bovine thrombin preparations may develop antibodies against bovine thrombin, factr V or various other proteins found in these preparations. Such antibodies can cross-react with human endogenous coagulation proteins and may lead to alterations in the coagulation laboratory parameters, hypersensitivity reactions, and severe bleeding or thrombosis. The underlying mechanisms for the coagulopathy are not fully understood yet. To better understand the cross-reactivity of anti-bovine thrombin antibodies with human corresponding coagulation proteins, bovine crude thrombin, and its purified versions, thrombin 4A (the old version of Thrombin-JMI before year 2008) and thrombin 4B (the current version of Thrombin-JMI on market), were used to generate relevant anti-bovine thrombin immunoglobulin G (IgGs) in rabbits. Using Western blotting, the crossreactivity of each IgG with human a-thrombin and a recombinant version of human thrombin (Recothrom) was investigated. The results indicated that no cross-reactivity with either human a-thrombin or
Introduction
Although topical bovine thrombin preparations are widely used for surgical hemostasis with an estimated 500,000 patients exposed to these products annually in the United States, 1,2 there was a growing concern that antibodies against bovine thrombin and bovine factor V can develop from the innate human immune response to the a-Gal glycosylation moiety unique to lower mammalian species as well as other antigenic impurities in bovine thrombin preparations. 2 However, the improved purification of process reported by Terrab et al 3 is now used for the manufacturing of a purified version of this product. The relative antigenic potential of this improved bovine thrombin is much lesser than the product used prior to this change. The currently marketed bovine thrombin product reflects the purified version of bovine thrombin which is devoid of the impurities that may have been present in the earlier products.
Patients exposed to topical bovine thrombin preparations may develop antibodies to bovine thrombin, factor V or various other proteins found in these preparations. In some cases, these antibodies, by cross-reacting with the corresponding human coagulation proteins and acting as acquired inhibitors of native human thrombin and factor V, cause a variety of complications ranging from laboratory abnormalities to life-threatening bleeding or thrombotic complications. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] In addition, the use of thrombin derived from plasma sources also carries a potential risk of transmitting blood-borne pathogens. Due to these safety concerns, a recombinant human thrombin, Recothrom (ZymoGenetics Inc; Seattle, Washington), which contains no human plasma components, was developed to provide an alternative to bovine thrombin. Recothrom was reported to be less immunogenic and relatively safer than the existing bovine thrombin preparations. [17] [18] [19] [20] [21] [22] However, until now there is little understanding about the possible cross-reactivity of anti-bovine thrombin antibodies with Recothrom. To further evaluate the safety of Recothrom, this study was carried out to determine whether anti-bovine thrombin antibodies would cross-react with Recothrom.
Materials and Methods

Bovine Thrombin Preparations
Crude bovine thrombin was obtained through the activation of bovine prothrombin by a bovine lung thromboplastin activator. The crude thrombin was initially purified using ion-exchange chromatography to yield an intermediate sample referred to as thrombin 4A. Following elution, the chromatographically purified sample was filtered through an Omega 100K VR membrane filter resulting in thrombin 4B. 3 The crude thrombin, thrombin 4A and thrombin 4B, preparations used in this study were kindly provided by King Pharma (Middleton, Wisconsin).
Human a-Thrombin and Recothrom
Human a-thrombin used in this study was obtained from Dr John Fenton of Albany College of Pharmacy, Albany, New York. Recothrom (Lot ZAC0712A, ZymoGenetics Inc, Seattle, Washington) was purchased from Loyola University Hospital. Both human a-thrombin and Recothrom were diluted with saline before loading.
Generation of Anti-Bovine Thrombin Antisera
To generate specific antisera in rabbits, the bovine thrombin preparations were provided to Lampire Biologics (Pipersville, Pennsylvania). Bovine crude thrombin, thrombin 4A and thrombin 4B, conjugated with keyhole lymphocyte hemocyanin (KLH) as a carrier were administered intravenously to individual groups of rabbits at a dosage of 100 mg using standard immunologic methods. Preimmune blood and antiserum were collected from each rabbit in serial order as shown in Table 1 . The antiserum from each rabbit and the pooled antisera obtained from 3 individual rabbits in each treatment group were stored at À80 C for further immunoglobulin G (IgG) isolation. Fifth bleed of antisera a The antigens used for the generation of antisera include bovine crude thrombin, thrombin 4A and thrombin 4B. Each of the antigens was injected into 3 individual rabbits to elicit the relevant antiserum.
Immunoglobulin G Isolations
HiTrap Protein G HP columns, 1 mL (GE Healthcare Bio-Science Corp, Piscataway, New Jersey) were used in this study to isolate IgG from rabbit anti-bovine antisera. The eluted IgG fractions were carefully collected and the concentration of harvested IgGs was adjusted with saline to 1 mg/mL based on the protein concentration determined using a modified Lowry's assay. 23 All IgGs were aliquoted and stored at À70 C.
Gel Electrophoresis and Western Blotting
Gel electrophoresis and Western blotting were carried out as previously described. 24 In brief, samples were subjected to electrophoresis though 4% to 20% gradient Tris-4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-sodium dodecyl sulfate (SDS) polyacrylamide mini gels and then electrotransferred onto nitrocellulose membranes. The membranes were blocked with 5% milk and probed with anti-bovine crude thrombin IgG, antithrombin 4A IgG, and antithrombin 4B IgG, respectively. The membranes were then washed and incubated with horseradish peroxidase conjugated donkey antirabbit IgG (1:20,000 dilution). After extensively washing, immunoreactive bands were detected with SuperSignal West Pico Chemiluminescent Substrate followed by film exposure for 1 to 5 min.
Results
From our previous studies in which human a-thrombin was tested at a single amount of 0.2 mg, no crossreactivity of rabbit anti-bovine thrombin IgGs with human a-thrombin was observed. 24, 25 To explore the possibility of cross-reactivity of rabbit anti-bovine thrombin IgGs with human thrombin systemically, we have used serially diluted human a-thrombin up to 20 mg instead of just one amount in the current study. As designed, the IgGs collected on day 30 (first time point) and day 165 (last time point) isolated from each pooled anti-bovine thrombin antisera were initially used to screen for the possibility of cross-reactivity. If any positive finding was found, the probing of human a-thrombin and Recothrom using the IgGs from all other time points (days 50, 105, and 137) was performed.
Gel electrophoresis analysis illustrated that human a-thrombin mainly consists of 2 protein bands, that is a strong band at 36 kd and a weaker band at 22 kd. Bovine thrombin 4A and 4B stained by Coomassie blue represented 3 thrombin-related protein bands (a-thrombin band at 36 kd, b-thrombin at 22 kd, and g-thrombin at 17 kd). Besides these thrombin-related bands, thrombin 4A preparation also exhibited 4 extra faint protein bands with molecular weights ranging from 50 to 70 kd. The protein band pattern of Recothrom on Coomassie bluestained SDS gels was similar to that of human athrombin, showing a strong and dark protein band at around 35 kd and a much weaker band at around 21 kd ( Figure 1 ).
As shown in Figure 2 , no visible cross-reactivity with human a-thrombin was observed with the anti-bovine crude thrombin IgGs collected from both days 30 and 165. The results from this experiment, in which the loadings of human a-thrombin sample was increased from 25 to 100 times higher than before, further confirm our previous finding that crude thrombin IgGs has no cross-reactivity with human a-thrombin. 24, 25 In addition, no recognition of Recothrom sample (up to 10U) by antibovine crude thrombin IgG collected on day 30 or on day165 was observed. Furthermore, in previous experiments, we have reported that anti-bovine crude thrombin IgGs could not reveal any protein band from bovine thrombin 4A sample (protein amount loaded was up to 2 U). 24, 25 The results obtained from this experiment were consistent with our previous findings, for example at an amount of 2.5 U, no immunoreactive band was revealed from the thrombin 4A sample by the crude thrombin IgGs tested. Crude thrombin IgG from day 30 was able to detect a very faint protein band at around 120 kd from the 10 U of thrombin 4A sample. The lowest amount of thrombin 4A which was detectable by crude thrombin IgG collected on day 165 was 5 U. From 10 U of thrombin 4A sample, crude thrombin IgG (day165) revealed a strong protein band at around 120 kd as well as a weak prothrombin-like band at around 70 kd.
In the next set of experiments, similar blots loaded with serially diluted human a-thrombin, Recothrom, and bovine thrombin 4A samples were probed with rabbit anti-bovine thrombin 4B IgGs collected on days 30 and 165. As shown in Figure 3 , anti-bovine thrombin 4B IgG (day 30) could reveal an a-thrombin band at 36 kd and a b-thrombin band at 22 kd from the thrombin 4A sample. In addition to aand b-thrombin bands, thrombin 4B IgG (day 165) could also detect a clear and strong g-thrombin band at 17 kd from bovine thrombin 4 A sample. These results were consistent with our previous findings. 24, 25 However, anti-bovine thrombin 4B IgGs collected on days 30 and 165 did not show any visible cross-reactivity with either human a-thrombin or Recothrom (Figure 3) . Lastly, the cross-reactivity of anti-bovine thrombin 4A IgGs with human a-thrombin and Recothrom was explored using the same method as previously described above for the anti-bovine crude thrombin IgGs and 4B IgGs. Serial amounts of human a-thrombin and Recothrom were first probed using the IgGs from days 30 and 165 at a concentration of 2 mg/mL, and if any cross-reactivity was observed, further probing using (1) the 4A IgGs from other time points; (2) the 4A IgGs obtained from individual rabbit would be performed. As shown in Figures 4 and 5, anti-bovine thrombin 4A IgGs collected from all time points were able to reveal an a-thrombin band (36 kd), a b-thrombin band (22 kd), and a g-thrombin band (17 kd) from thrombin 4A sample in a protein amount dependent manner. No crossreactivity with either human a-thrombin or Recothrom was observed from rabbit anti-bovine thrombin 4A IgGs collected on days 30 and 50. However, when used at a concentration of 2 mg/mL anti-bovine thrombin 4A IgGs collected on day 105 or later time points exhibited obvious crossreactivity with human a-thrombin and Recothrom, that is the cross-reactivity with human a-thrombin and Recothrom started to appear from the IgG collected on day 105 and became more intensive on days 137 and 165. From human a-thrombin, 3 clear 250  150  100  75  50  37   25  20  15   1  2  3  4  5  6  7  8  9  10  kd  250  150  100  75  50  37  25  20 immunoreactive bands with molecular weights at 36 kd, 22 kd, and 17 kd were revealed in a protein amount dependent manner. More interestingly, a distinctive immunoreactive band with a molecular weight around 35 kd was also revealed with Recothrom (Figures 4 and 5) . These results suggested that the generation of cross-reacting antibodies to human a-thrombin and Recothrom in rabbit anti-bovine thrombin 4A IgGs is immunization time dependent, that is, the cross-reactivity may only be induced by repeated immunizations (at least >3-fold of antigen load) in an extended time interval (at least >50 days). Furthermore, followed individual rabbit anti-bovine thrombin 4A IgG studies revealed that minimum concentration of 4A IgG required to exhibit the cross-reactivity with human a-thrombin and Recothrom varied considerably among the 3 individual rabbits studied, ranging from 0.5 mg/mL to 8 mg/mL (Figures are not shown).
Discussion
Recombinant thrombin preparations are potential alternatives to plasma-derived thrombin preparations. Theoretically, because recombinant thrombin has the identical amino acid sequence as human thrombin, and is made from a genetically modified Chinese hamster ovary cell line, 26 it would provide a homologous protein that is safe and effective but without the attendant concerns of antibody production or viral transmission. Preclinical studies demonstrated that the application of Recothrom in animals was safe. 17 Phase 2 trials also demonstrated that Recothrom was well tolerated and minimally immunogenic. 18 In a phase 3 trial comparing the efficacy, safety, and antigenicity of Recothrom versus bovine thrombin, it was found that Recothrom was safe and as efficacious as bovine thrombin. However, in terms of antigenicity, 21.5% of the patients receiving bovine thrombin developed antibodies to the product, whereas only 1.5% of patients in the Recothrom treated group developed antibodies to recombinant thrombin. 19 Recently, a companion study for the vascular subgroup, in the previously mentioned phase 3 trial, demonstrated the improved antigenicity profile for Recothrom versus bovine thrombin. 20 However, although there was a notably decreased rate of antigenicity associated with Recothrom, the safety profiles characterized by adverse events and laboratory evaluations, were similar between Recothrom and bovine thrombin treated groups. 19, 20 Moreover, the plasma samples used to analyze the antibodies in both trials were obtained in the trial conducted by Chapman et al, 19 which was completed in late 2006. Prior to the introduction of improved production process taken in 2007, the earlier bovine thrombin products were not as pure as the newer improved preparations. 3 Bovine thrombin 4A is an intermediate product obtained from crude thrombin by the purification using ion-exchange chromatography. Then it undergoes further purification by filtration through an Omega 100K VR membrane filter, resulting in thrombin 4B. 3 It is interesting to note that in the current study only anti-bovine thrombin 4A IgG, but not anti-bovine crude thrombin IgG and 4B IgG, displayed an apparent cross-reaction with Recothrom. The possible explanations for the phenomenon are as follows: (1) The protein structures of bovine thrombin were subtly changed or modified in the purification processes taken from crude thrombin to thrombin 4B. Thus, the epitopes on each thrombin product, which could be recognized by the relevant antibodies, were slightly different. It appears like that bovine thrombin 4A and Recothrom share some identical epitopes that can be specifically recognized only by rabbit anti-bovine thrombin 4A IgGs. (2) In the current study, no obvious crossreactivity of anti-bovine crude thrombin IgG and 4B IgG with either human a-thrombin or Recothrom was observed. However, we cannot rule out the possibility that due to some possible changes in protein structures and/or physical and chemical qualities, the generated anti-bovine crude thrombin IgGs/4B IgGs may still possess a much weaker binding affinity for both human a-thrombin and Recothrom when compared with anti-bovine thrombin 4A IgG. Under the current experimental designs, only a fixed concentration of 2 mg/mL was used to screen the possible cross-reactivity with human a-thrombin and Recothrom for all 3 anti-bovine thrombin IgGs studied. Therefore, the nonexistent cross-reactivity of anti-bovine crude thrombin IgGs and 4B IgGs with human a-thrombin and Recothrom may just result from an inadequate IgG concentration. Further experiments using higher concentrations of antibovine crude thrombin IgGs and 4B IgGs may help to clarify this issue. Moreover, variations in the antigenic responses are commonly observed in both animals and human populations. While the bovine thrombin 4B preparation did not generate crossreactive antibodies in the 3 rabbits injected in this study, it may result in variable responses in larger group of rabbits.
As reported in the literature, human anti-bovine thrombin antibodies, in some cases, may cross-react with the corresponding human coagulation proteins, such as human thrombin and factor V, resulting in hemorrhagic complications. [9] [10] [11] [12] [13] [14] [15] [16] Because Recothrom has an identical amino acid sequence as human thrombin, theoretically there is a possibility that anti-bovine thrombin antibodies could also crossreact with Recothrom. So far, no systemically comparative clinical investigation or preclinical research has been done to clarify this issue. In the current study, by using Western blotting method, we have demonstrated that it is the case that rabbit antibovine thrombin IgG, in addition to recognizing its immunegen (bovine thrombins), could also crossreact with human a-thrombin and Recothrom. Based on the finding presented in this study, it is reasonable to predict that human anti-bovine thrombin antibodies may also be able to cross-react with Recothrom. Thus, the application of Recothrom may not be suitable for the patients who have been previously treated with/exposed to bovine thrombin preparations. It should also be noted that humans are constantly exposed to bovine proteins and beef products as a major dietary source. Therefore, the preexistence of anti-bovine thrombin-related antibodies in humans before a surgery is not unexpected, as this constant exposure to beef proteins may result in the generation of polyvalent antibodies in some of the individuals. In fact, the presence of anti-bovine thrombin antibodies has been previously reported in healthy individuals or bovine thrombin-naive patients before a surgery. 12, [18] [19] [20] Consequently, caution should be taken when using Recothrom in such population. Moreover, population-based differences in the antibody generation should also be taken into account as additional immunogenic factors may contribute to the cross-reactivity of neoepitopes to antithrombin antibodies.
Conclusions
The results reported in this study indicate that rabbit anti-bovine thrombin IgGs can cross-react with Recothrom in an immunization time-dependent manner. Thus, the data strongly suggest that it is likely that human antibodies against bovine thrombin may also cross-react with human recombinant thrombin. Therefore, the application of Recothrom may not be recommended in the patients who have been previously treated with/exposed to bovine thrombin preparations. Moreover, additional predisposing factors and population responses may also contribute to the interaction of anti-bovine thrombin antibodies with human recombinant thrombin.
